Of38 pure cultures of microorganisms tested, only one, Pseudomonas stutzeri, was capable of forming dimethylnitrosamine from dimethylamine and nitrite during growth. Resting cells of P. stutzeri, Cryptococcus terreus, Escherichia coli, and Xanthomonas campestris formed dimethylnitrosamine, although no nitrosamine was found in growing cultures of the latter three organisms. No nitrosamine was produced by either growing cultures or resting-cell suspensions of Pseudomonas fragi or Proteus mirabilis. Boiled cells of P. stutzeri, but not those ofC. terreus, E. coli, and X. campestris, formed dimethylnitrosamine, and this nitrosamine was also produced by extracts of E. coli cells at pH 5.0.
Carcinogenic N-nitrosamines are known to be formed from secondary amines and nitrite in microbial cultures (11) . At least 10% of the strains ofEscherichia coli, Clostridium, Bacteroides, Bifidobacterium, and enterococci tested by Hawksworth and Hill (6, 7 ; G. Hawksworth and M. Hill, Biochem. J. 122:28P-29P, 1971) nitrosated diphenylamine, and E. coli also nitrosated dimethylamine (DMA), diethylamine, piperidine, pyrrolidine, and N-methylaniline. Several species of Proteus isolated from patients with urinary infections also form dimethylnitrosamine (12) .
Although microorganisms are thus clearly involved in nitrosation, little evidence exists that the reaction is enzymatic. The sole exception is the report by Ayanaba and Alexander (2) that the soluble fraction of an extract made from cells ofCryptococcus sp. catalyzed nitrosation at pH 7.5, a pH value considered to be highly unfavorable for spontaneous nitrosamine generation (11) .
The present investigation was designed to provide further evidence that microorganisms may contribute to nitrosamine formation and to differentiate between enzymatic and spontaneous chemical nitrosation effected by constituents of microbial cells.
MATERIALS AND METHODS
To demonstrate nitrosation by growing cultures, the organisms were grown in a medium containing 0.5 g of a secondary amine, 0.5 g of NaNO2, 0.5 g of yeast extract, 5 .0 g of glucose, 5.5 g of KH2PO4, 10 .0 g of Na2HPO4, 2.0 g of (NH4)2HPO4, 200 [11] . The optimum pH in HCl is about 2.5.) To sterilize the medium, a solution with the salts and a solution containing glucose and yeast extract were autoclaved separately, and these were combined with filter-sterilized aqueous solutions of the amine. Diphenylamine was not sterilized. Each culture was grown in 250-ml Erlenmeyer flasks containing 100 ml of medium, and the flasks were incubated at 30 C on a rotary shaker operating at 150 rpm.
To prepare resting-cell suspensions, the bacteria were grown for 48 h at 30 C on the rotary shaker in 2-liter Erlenmeyer flasks containing 1 liter of nutrient broth amended with 0.1% DMA. The cells were harvested aseptically by centrifugation at 4 C, the resulting pellet was suspended in sterile, cold 0.5 M citrate-0.1 M phosphate buffer (5) at pH 5.0, the bacteria were washed three times with the sterile buffer, and the organisms were then suspended in 25 ml of the buffer. This suspension was incubated with the various substrates.
To demonstrate the presence of a nitrosating enzyme in E. coli, the bacteria were grown at 30 C in 2-liter Erlenmeyer flasks containing 1.0 liter of nutrient broth supplemented with 0.1% DMA. After 48 h of incubation on a rotary shaker operating at 150 rpm, the cells were collected by centrifugation at 4 C and resuspended in cold citrate-phosphate buffer (pH 5.0). The organisms were ruptured by passing them twice through the French press at 18,000 pounds of pressure. The cell debris was removed by centrifugation at 37,000 x g for 60 min, and the pellet was suspended in 20 ml of cold citrate-phosphate buffer (pH 5.0). The protein content of each fraction was determined by the Folin reagent (10) . To test whole cells, resuspended cell debris, and supernatant fluid for nitrosamine-forming activity, 1 .0 ml of the cells or cell fraction, 10 mg of DMA-HCl, and 50 mg of NaNO2 were added to 9.0 ml of citrate-phosphate buffer (pH 5.0) in an 18-ml test tube. After 24 h of incubation at 30 C without agitation, dimethylnitrosamine (DMNA) levels were determined.
Samples to be analyzed for nitrosamines were steam distilled according to the method of Heath and Jarvis (7) , and the nitroso-nitrogen content of the distillates was measured by the photochemical procedure of Daiber and Preussmann (4 (2) , and it was identified to the species level by the methods of Ajello et al. (1) . Nitrosamines were not formed by growing cultures from DMA, diethylamine, di-n-propylamine, or diphenylamine, except that DMA was found to have been nitrosated by P. stutzeri.
Because pH seems to affect nitrosation, a study was conducted with P. stutzeri growing in the DMA-salts-nitrite medium, except that KH2PO4 and Na2HPO4 were omitted to yield a weakly buffered medium in which the pH would be likely to change as a result of microbial activity, thereby possibly enhancing DMNA formation. The pH of the culture, growth as measured turbidimetrically at 540 nm, and DMNA formation during the incubation period are shown in Fig. 1 solution, whereas DMNA was produced at levels greater than those in the buffer in suspensions containing a high density of viable cells of C. terreus, E. coli, and X. campestris. Suspensions containing low cell densities or boiled cells of the latter three organisms contained no more DMNA than did a buffer solution with no cells. These results suggest that an enzymatic mechanism of nitrosamine formation may be present in C. terreus, E. coli, and X. campestris. The effect of pH on nitrosation in suspensions of resting cells of P. stutzeri was also investigated. The procedure was similar to that used previously, except that the concentration of DMA was 500 ,ug/ml, the citrate-phosphate buffer was adjusted to various pH values, and the cells were at an optical density (measured at 540 nm) of 1.0. The amount of DMNA generated in 24 h at each of the pH levels is shown in Table 2 . At pH 5.6 and lower, nitrosation in the cell suspensions exceeded that in the buffer alone. The difference increased as the pH decreased, with the greatest difference occurring at pH 5.0. In a treatment at pH 5.0 containing cells that had been boiled for 15 min, 1.6 ,ug of nitroso-N per ml was recovered after 24 h as compared to 1.7 jig/ml in suspensions of unboiled cells at that pH. Thus, a heat-stable cell component is implicated in nitrosation, and the reaction is appreciably affected by acidity.
To test for the presence of a nitrosating enzyme in E. coli, extracts of the organism were assayed for their capacity to produce DMNA. It is evident from Table 3 that whole cells, cell debris, and the soluble fraction generated DMNA significantly in excess of the 1.86 p.g of nitroso-N per ml produced in buffer solution. On a protein basis, however, the soluble fraction demonstrated the greatest activity. The lack of activity in the boiled soluble fraction APPL. ENVIRON The presumed enzyme is present in the soluble fraction, as was the nitrosating enzyme described by Ayanaba and Alexander (2) . The reason that resting, but not actively proliferating, cells of some organisms produced nitrosamine is unknown.
Whereas there is no doubt that microorganisms are capable ofpromoting the formation of N-nitroso compounds from certain secondary amines and nitrite, it is not fully clear how the organisms carry out the reaction. Some species appear to nitrosate secondary amines enzymatically, whereas with others, such as P. stutzeri, nitrosamines are generated in a process involving cell constituents other than enzymes. Nonenzymatic biological nitrosation has been reported by Klubes and Jondorf (9) and CollinsThompson et al. (3) , and nonmicrobial nitrosation in soils at neutral pH values was observed by Mills and Alexander (unpublished data) to result from the presence of organic matter in the samples.
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